A compact ultracold electron source based on a grating magneto optical trap (MOT) was designed, commissioned and tested. The design is compact since it requires one trapping laser beam that passes through a transparent accelerator module. The MOT parameters have been extensively characterized. We have used the ultracold atoms to measure the electric field in the acceleration gap which agrees well with simulations. Finally we show the first electron beam created from a grating MOT. The electron beam energy was determined using a electron time-of-flight measurement.
trapping laser beam that passes through a transparent accelerator module. The MOT parameters have been extensively characterized. We have used the ultracold atoms to measure the electric field in the acceleration gap which agrees well with simulations. Finally we show the first electron beam created from a grating MOT. The electron beam energy was determined using a electron time-of-flight measurement.
Additionally we show that the normalized transverse beam emittance is comparable to emittances measured in conventional ultracold electron sources. 
I. INTRODUCTION
One of the big dreams in science is to be able to monitor the dynamical behavior of protein folding with atomic spatial and temporal resolution, i.e. 0.1nm and 100 fs. This will enable the investigation of biological processes at the most fundamental level. In the past decade we have witnessed spectacular breakthroughs in ultrafast electron and x-ray beams which have made this already possible.
Ultrafast electron diffraction (UED) is a very promising technique, to avoid sample damage diffraction patterns preferably have to be captured within a single electron bunch; singleshot electron diffraction. This is in particularly true for biological samples. In order to extract all information in a single shot, high density electron pulses have to be used. These pulses suffer from space charge effects, which cause temporal resolution loss and beam quality degradation. Since bimolecular crystals give rise to very complicated diffraction patterns a very high degree of beam coherence is required. A high degree of coherence is usually associated with a small source size. This tends to make space charge problems even worse.
In the search of reaching larger coherence lengths, while maintaining a large source size, a new electron source was proposed. The ultracold electron source, effectively decreasing the initial transverse angular momentum spread and thus increasing the transverse coherence length while allowing for large source sizes.
Ultracold electron sources are able to generate picosecond electron pulses 1 that can be used for ultrafast electron diffraction experiments when compressed using well established RF compression techniques 2 . The electrons are created from a cloud of laser-cooled and trapped atoms which are photo-ionized to produce high charge electron bunches. Previous work shows high quality (single shot 3 ) diffraction patterns 4 using electron bunches extracted from a MOT which can get as cold 5-7 as 10 K.
In this work we present a compact ultracold plasma source which has many advantages over the conventional ultracold electron sources, such as ....
II. GRATING MOT
A grating magneto optical trap (MOT) is based on an optical grating that diffracts a single incoming circular polarized laser beam. The MOT is formed inside the overlap volume which is spanned by the three diffracted beams, the incoming beam and the zeroth order back reflection 8, 9 . We use three linear gratings under an 120
• angle (see Figure 1a) that each diffract the incoming laser beam according to Braggs law,
with d g = 892 nm the grating period, (n = ±1) the diffraction order and λ = 780 nm the Rubidium trapping laser wavelength which results in a first order diffraction angle θ = 29
• which is defined as the angle between the grating surface and the diffracted beam, see Figure 1c and d. Higher diffraction orders (n ≥ 2) are cut off because d g < 2λ. The grating we use has an optimal force balance in the direction perpendicular to the grating 4 , since 10%
of the incident light is reflected into the zeroth order. The radial force balance is automatic when the incoming beam is aligned with the center of the grating. We use a square grating with dimensions 20 x 20 mm.
The chip is manufactured in silicon with a 100 nm top layer of aluminum which is used to prevent corrosion due to the Rb background gas. The linear grating is fabricated using electron beam lithography and has a 50 : 50 duty cycle and a λ/4 = 195 nm etch depth 8 . Figure 1b shows a single linearly polarized laser beam that is emanating from an optical fiber which is collimated using a lens (dark grey), the light is then made circular polarized using a quarter wave plate (dark grey). Figure 1c shows that when the center of the beam is exactly aligned with the center of the grating four reflections are created which span the overlap volume (shown in purple). The overlap volume is well described by an double hexagonal pyramid as is shown in Figure 1d . The rms height of the overlap volume is given by 
The parameters used in our experiment result in a rms overlap volume V overlap ≈ 6.4 mm 3 .
The atom number N scales with N ∝ V In this experiment we are not fully using the surface area of the grating, we can theoretically expand our trapping beam by a factor 1.5 which should result in 4.7 · 10 6 trapped atoms. MOT. We use a two step ionization scheme, the excitation and ionization laser span a volume where electrons are created. These electrons are accelerated towards the grating which is grounded and pass through a hole in the center.
III. EXPERIMENTAL DESIGN
A cross-section of the vacuum system is depicted in Figure 3 . All vacuum components are made from the non-magnetic 316L steel. The main body of the electron gun consists is a CF100 cube. The left flange is a re-entrant flange which allows us to mount the accelerator close to the grating. The grating is embedded in an aluminum cylinder which is connected to the re-entrant flange.
The right flange is a reducer flange which couples the cube to the electron beamline.
The bottom, front and back of the cube are sealed with CF100 UV grade viewports. The top flange is a CF100 to CF63 reducer which houses the rubidium dispensers which provide a rubidium background pressure of ∼ 2.5 · 10 −9 mbar. The base pressure of the vacuum system is < 1 · 10 −9 mbar. The two copper rings around the left and right flanges denote the magnetic field coils that are necessary to create the quadrupole magnetic field that is used to trap the rubidium atoms.
A. Quadrupole field
Due to the asymmetric suspension of the grating in the CF100 cube, see 
with D MOT the distance between the MOT and the grating and I 1 ,I 2 the currents running through the first coil and second coil respectively. We operate the coils at I 1 = −9.7 A and I 2 = 14 A. This results in a longitudinal gradient ∇B z = 0.19 T/m. Due to the large currents running through the coils they are water cooled and thermally isolated from the rest of the system.
The position of the MOT D MOT can be controlled by changing the current running through either one of the coils.
B. Accelerator
We have designed a transparent accelerator module which can be inserted into the reentrant flange, see Figure 3 . The electrode is transparent for 780 nm light because we use a quartz plate which has an electrically conducting 100 nm Indium Tin Oxide (ITO) coating. C. Beamline The detector assembly consists of a micro-channel plate (MCP) and a phosphor screen which is imaged onto a ccd detector.
IV. RESULTS
This section discusses the commissioning of the ultracold electron source. First we characterize the MOT and determine the number of atoms in the trap and the dependency on various experimental parameters such as the rubidium background pressure, the detuning of the trapping laser and the applied electric field. We will also present temperature measurements of the atoms as function of detuning an trapping laser power. Finally we will present the first electron beam created using an grating MOT, determine the electron beam energy and the transverse emittance using a waist scan.
A. MOT characterization
In the MOT characterization measurements we used a trapping laser beam power P 
MOT loading
The amount of atoms N (t) in the MOT as a function of time t after switching on the trapping laser is described by
with R load the loading rate and Γ bg the linear loss rate due to collisions with the background gas. Equation 5 shows that the trap is filled on a timescale τ load = Γ −1
bg that is dependent on the background loss rate which is proportional to the background pressure.
The number of atoms in a steady state mot is given by N ∞ = R load Γ bg . The loading rate scales linearly with the partial rubidium background pressure P rb and the loss rate scales linearly with the total background pressure P tot . This means that the steady state atom number is independent on the partial rubidium background pressure if the background pressure due to the other gas species is much lower than the partial rubidium background pressure (P tot = P rb ). The figure shows that we can maximally trap N ∞ ≈ 1.1 · 10 6 atoms with a loading time of τ ≈ 200 ms. This results in a loading rate of 5.5 · 10 6 atoms/s which means that we can extract electron bunches containing 10 3 electrons per pulse at a repetition rate of 1 kHz. Figure 10 shows the number of atoms in the MOT as a function of both the detuning and the intensity of the trapping laser beam. The figure shows that we can trap maximally trap ∼ 1 · 10 6 atoms at a red detuning of 9 MHz. The absolute detuning is not determined so the detuning in Figure 10 is the detuning with respect to the point where the laser is locked. We also see that the atom number as a function of laser intensity is not saturated.
Detuning
This means that more laser intensity will potentially allow for more atoms to be trapped. 
B. Atom temperature
The atom temperature is determined by measuring the ballistic expansion of the atom cloud. This expansion is modeled by
with σ(t) the rms width of the atom cloud at time t, T the temperature of the atom cloud, k b the Boltzmann constant and m the mass of the rubidium atom. Figure 11 The atoms are coldest, T = 80 µK, for large red detuning and small trap intensity, as expected. The temperature of the atoms is well below the doppler cooling limit which is due to polarization gradient cooling 8 .
C. Mot density
The peak atom density, n atom , in the MOT is given by
with σ x , σ y ,σ z the rms sizes of the atom cloud. The size of the MOT is bigger in the radial direction compared to the longitudinal direction, this is because the longitudinal magnetic 
D. DC stark shift
The detuning at which the number of atoms in the trap is maximal changes if an electric field is applied due to shifting of the cooling transition frequency. This happens because the electric field stark-shifts the energy levels of the rubidium atom. The energy levels of the ground state rubidium atom 5 2 S 1/2 all shift equal for different hyperfine states 11 . The excited state 5 2 P 3/2 energy levels are shifted depending on the hyperfine state due to a non-zero tensor polarizability 11 . 
E. Electron source
We have determined the electron beam energy using a time-of-flight measurement and the transverse emittance using a waist scan. To ionize the MOT we have used a tunable nanosecond ionization laser which produces pulses with a rms duration σ t−ion = 2.5 ns.
Time-of-Flight
The electron beam energy was determined using a electron time-of-flight scan. The arrival time of the electron pulse on the MCP was determined by measuring the charge signal with an trans-impedance amplifier. Figure 15 shows the arrival time of the electron pulse relative to the ionization time as a function of acceleration voltage V acc . The resulting time-of-flight data was fitted (solid line in Figure 15 ) using
with c the speed of light, m the electron mass, V acc the potential on the accelerator, V 0 a potential offset and τ 0 an electronics delay. This function was fitted with f , V 0 and τ 0 as fitting parameters which yielded f = 0.102 ± 0.003, V 0 = 303 ± 26V and τ 0 = 8.5 ± 0.2 ns.
The electron energy U is given by
with e the electron charge. This results in U = 2.01±0.06 keV for an accelerator potential V acc = −20 kV. The voltage offset V 0 is non-zero due to charging of the grating which was not grounded during the initial experiments.
Waistscan
A waistscan was used to determine the normalized transverse beam emittanceˆ . In this measurement the ionization laser was positioned close to the ionization threshold λ ion = 494 nm. We scan the electron beam waist across the MCP detector with a magnetic solenoid lens. At the focus we have reached rms electron spot sizes σ = 95 µm which are at the limit of our detection system. The temperature of the electron beam is given by (10) with σ source the size of the ionization volume in the transverse direction. The rms size of the ionization region is defined by the size of the excitation laser beam σ source = 30 µm which was measured in a virtual focus. This results in an electron temperature T = 220 K.
Note that this is an upper limit for the electron temperature since the actual source size might be bigger due to saturation broadening of the ionization volume.
V. CONCLUSIONS AND OUTLOOK
We developed a compact ultracold electron source based on a grating MOT. Characterization measurements show that we can trap 10 6 atoms in a MOT with an rms size of ∼ 0.2 mm resulting in a peak density n peak = 5 · 10 15 m −3 . We have reached atom temperatures as low as T = 80 µK. The MOT was used to determined the electric field strength in the acceleration gap which agrees well with the value obtained from simulations.
Characterization of the first electron beam resulted in beam energies U = 2 keV and a transverse beam emittanceˆ = 5.8 nm · rad which is comparable to previous measured emittances.
The electron beam energy of this source can be increased by moving the MOT further away from the grating chip which can be achieved by changing the grating period.
